17-β-Estradiol (E2) is a steroid hormone involved in numerous bodily functions, including several brain functions. In particular, E2 is neuroprotective against excitotoxicity and other forms of brain injuries, a property that requires the extracellular signal-regulated kinase (ERK) pathway and possibly that of other signaling molecules. The mechanism and identity of the receptor(s) involved remain unclear, although it has been suggested that E2 receptor α (ERα) and G proteins are involved. We, therefore, investigated whether E2-mediated neuroprotection and ERK activation were linked to pertussis toxin (PTX)-sensitive G-protein-coupled effector systems. Biochemical and image analysis of organotypic hippocampal slices and cortical neuronal cultures showed that E2-mediated neuroprotection as well as E2-induced ERK activation were sensitive to PTX. The sensitivity to PTX suggested a possible role of G-protein-and β-arrestin-mediated mechanisms. Western immunoblots from E2-treated cortical neuronal cultures revealed an increase in phosphorylation of both G-protein-coupled receptor-kinase 2 and β-arrestin-1, a G-proteincoupled receptor adaptor protein. Transfection of neurons with β-arrestin-1 small interfering RNA prevented E2-induced ERK activation. Coimmunoprecipitation experiments indicated that E2 increased the recruitment of β-arrestin-1 and c-Src to ERα. These findings suggested that ERα is regulated by a mechanism associated with receptor desensitization and downregulation. In support of this idea, we found that E2 treatment of cortical synaptoneurosomes resulted in internalization of ERα, whereas treatment of cortical neurons with the ER agonists E-6-BSA-FITC [β-estradiol-6-(O-carboxymethyl)oxime-bovine serum albumin conjugated with fluorescein isothiocyanate] and E-6-biotin [1,3,5(10)-estratrien-3,17 β-diol-6-one-6-carboxymethloxime-NH-propyl-biotin] resulted in agonist internalization. These results demonstrate that E2-mediated neuroprotection and ERK activation involve ERα activation of G-protein-and β-arrestin-mediated mechanisms.
Introduction
Neuronal death induced by excitotoxicity is triggered by increased intracellular calcium ion concentration and activation of a number of death signaling pathways. The NMDA receptor, an ionotropic glutamate receptor, is involved in regulating intracellular calcium levels and plays a pivotal role in regulating neuronal death as well as synaptic plasticity. We previously showed that 17-β-estradiol (E2) reduced NMDA-induced neuronal death and facilitated synaptic plasticity by activating the extracellular signal-regulated kinase (ERK) pathway (Bi et al., 2000 (Bi et al., , 2003 . The mechanism linking neuroprotection against NMDA-induced toxicity and ERK activation is still poorly understood, although it has been proposed to involve Gprotein-coupled signaling (Alexaki et al., 2006; Kumar et al., 2007) .
It has been reported that E2 stimulates a membrane-localized E2 receptor α (ERα) with features resembling those of G-protein-coupled receptors (GPCRs) (D'Souza et al., 2004; Evinger and Levin, 2005; Kumar et al., 2007) . Others have shown that some of ERs actions are mediated by GPCR transactivation (Boulware et al., 2005; Dewing et al., 2007; Kuo et al., 2008) . Although it is not well understood how intracellular ERs become inserted into membranes and use GPCR systems (Lannigan, 2003; Song et al., 2005; Pedram et al., 2007) , it has been proposed that post-transcriptional modifications of ERs is responsible (Acconcia et al., 2005; Boulware et al., 2007) . Despite this uncertainty, immunohistochemistry experiments as well as the use of ER agonists and antagonists have provided evidence for a membrane-localized ERα/GPCR-like mechanism responsible for many of E2's rapid effects in different cell types (Pappas et al., 1995; Toran-Allerand, 2005; Pedram et al., 2006; Kumar et al., 2007) . GPCR functions are regulated by a number of mechanisms. The first step after ligand binding to a GPCR is the activation and dissociation of G proteins. G proteins are heterotrimeric proteins comprising α, β, and γ subunits, and during their activation, Gα dissociates from Gβγ, and both complexes trigger activation of downstream effector systems. Several GPCRs are coupled to pertussis toxin (PTX)-sensitive G proteins, and the in vitro use of this toxin has helped to elucidate and identify Gα i βγ-coupled effector systems. A major Gβγ-regulatory pathway involves the activation of receptors by GPCR kinases (GRKs, a.k.a. β-adrenergic receptor kinase) and recruitment of arrestin proteins, such as β-arrestins, to GPCRs. The phosphorylation of activated GPCRs by GRKs and the recruitment of activated β-arrestins induce ERK pathway activation. This regulatory pathway is involved in desensitization and downregulation of GPCRs, a critical step to adapt the responsiveness of GPCRs to levels of receptor stimulation.
The goals of the present study were first to determine the effects of PTX on E2-mediated neuroprotection and ERK activation to re-evaluate the potential role of Gα i and Gβγ in these effects. Second, to further evaluate the participation of GPCR-mediated effector systems in E2 action, we evaluated the role of GRKs and β-arrestins in E2-mediated responses in cultured neurons. Finally, we determined whether ERs were downregulated by internalization after E2 activation. Our results indicate that E2-mediated neuroprotection and ERK activation involve G-protein-and β-arrestin-coupled mechanisms.
Materials and Methods

Animals
Animals were treated in accordance with the principles and procedures of the National Institutes of Health Guide for the Care and Use of Laboratory Animals; all protocols were approved by the Institutional Animal Care and Use Committee of the University of Southern California. Timed pregnant Sprague Dawley rats were obtained from Harlan and kept in the vivarium in a temperature-and light-controlled environment with a 12 h light/dark cycle. On the day of experimentation, rats were removed from their home cage and anesthetized using halothane.
Organotypic slice cultures
Slices were prepared from postnatal day 8-10 Sprague Dawley rat pups. After decapitation, brains were removed from the cranium and placed into chilled Hanks balanced salt solution. Brains were placed into chilled cutting medium (Earle's MEM, 25 mM HEPES, 10 mM Trisbase, 10 mM D-glucose, 3 mM MgCl 2 , pH 7.2) to isolate hippocampi; transverse hippocampal slices (400 μm thick) were prepared with a McIlwain tissue chopper and placed in inserts (Millipore Bioscience Research Reagents). Cultures were maintained in basal medium eagle (BME) containing charcoal-stripped horse serum (20%) (Earle's balanced salts, glutamine 2 mM, HEPES 25 mM, 7.5% NaHCO 3 , D-glucose 25 mM, ascorbic acid 0.333 mM, 1% penicillin/ streptomycin, insulin, pH 7.3; Sigma). Slices were kept at 35°C with 5% CO 2 and maintained for 7 d with complete medium exchange every 2 d.
Primary cortical cultures
Cortical neurons were extracted from prenatal pups from embryonic day 18 pregnant female rats. Cultures were prepared by the methods described by Brewer et al. (1993) and plated on poly-L-lysine (0.1 mg/ml) coated 6-well culture dishes, at a density of 2 × 10 6 cells/ml for biochemical experiments and 0.5 × 10 6 cells/ml for molecular and immunohistochemistry experiments. Cultures were maintained in serum-free neurobasal (NB) medium (B27, 2 mM glutamine, 1% penicillin/streptomycin; Invitrogen) and were kept in a constant environment at 37°C and 5% CO 2 . Fifty percent of the medium was exchanged with fresh medium every other day for 2 weeks. On the day before experimentation, culture medium was completely replaced with fresh medium for accurate dilution of chemical treatments. After treatment, cells were lysed (1% SDS plus 100 mM Tris, pH 7.4, 95-100°C) and briefly sonicated. The homogenate was boiled for 5 min, clarified by centrifugation at 14,000 × g for 5 min at 4°C, the supernatant collected, and the pellet discarded. An aliquot was taken for protein determination by the BCA method (Pierce).
Cell death assays
Hippocampal slices were maintained for 7 d and then switched to serum-free BME medium and allowed to recover for 24 h before experimental treatments. At the end of treatments, slices were washed with serum-free BME and underwent a 24 h recovery period in serumfree BME medium containing propidium iodide (PI; 3 μM; Calbiochem). Cell death was measured as described previously (Bruce et al., 1995) . After recovery, the medium was collected to measure the amount of lactate dehydrogenase (LDH) released and replaced with serum-free BME, and the slices were imaged using epifluorescence. Slices were viewed using an inverted Leica DMIRB with a 560/630 dichromic filter and fitted with a 5× phase contrast objective and a Spot RT slider color charge-coupled device (CCD) camera (Roper Scientific). Viewed images were captured using Photoshop CS, the images inverted, and a threshold was applied to eliminate background fluorescent intensity uniformly throughout all images. Arbitrary fluorescent intensity was established by generating pixel values using Scion Image software.
Immunohistochemisrty and cell counts
After day 14 in vitro, cortical neuronal cultures were subjected to various pharmacological treatments, washed once with NB, and then fixed in 3% paraformaldehyde for 20 min at 4°C. After fixation, neurons were washed three times with PBS plus 0.05% Tween, pH 7.4, at room temperature. Unspecific binding sites on cells were blocked using 3% horse serum, and cells were incubated with rabbit polyclonal anti microtubule-associated protein-2 (MAP2) antibody (AB6522; Millipore Bioscience Research Reagents) in 1% bovine serum albumin (BSA) overnight at 4°C. The following day, neurons were washed three times in PBS plus 0.05% Tween, pH 7.4, and the binding of anti-MAP2 binding was detected using an anti-rabbit secondary antibody labeled with Alexa488 (in 1% BSA) (JacksonImmuno Research) for 1 h at room temperature. Glass slides were placed into wells with ProLong Gold antifade mounting medium plus 4′,6-diamidino-2-phenylindole (DAPI) nucleic acid stain (Invitrogen). Digital images were acquired using an inverted Leica DMIRB with 480/535 and 360/460 dichromic filters and fitted with a 40× phase-contrast objective and a Spot RT slider color CCD camera (Roper Scientific). Viewed images were captured and processed using Photoshop CS (Adobe). The number of MAP2-positive(+) neurons and DAPI(+) cells was counted for each image using ImageJ software.
Western immunoblot analysis
At the end of all experimental treatments, samples were prepared for immunoblotting by dilution 1:1 in Laemmli buffer with 5% β-mercaptoethanol (Bio-Rad). Twenty micrograms of proteins were loaded onto 10% SDS-PAGE gels along with precision unstained molecular weight markers to approximate protein molecular weight (Bio-Rad). After electrophoresis, proteins were electroblotted onto NitroPure nitrocellulose membranes (Osmonics). Western blot membranes were washed with TBS-Tween (0.1%) and blocked with 5% nonfat milk (Carnation). Each experiment was performed in duplicate.
Antibodies
Immunodetection of proteins was performed using anti-diphosphorylated ERK1/2 (pThr202/ pTyr204; 1:1000) and anti-ERK1/2 (1:2000) (Cell Signaling Technology) antibodies, polyclonal anti-phosphorylated c-Src antibody (pTyr139; 1:250), and anti-c-Src (N-19; 1:250; Santa Cruz Biotechnology) antibodies, polyclonal anti-phosphorylated GRK2 (pSer370; 1:1000) and anti-GRK2 (1:2000) (Sigma) antibodies, monoclonal antiphosphorylated β-arrestin-1 (pSer412; 1:1000) (Cell Signaling Technology), and polyclonal anti-β-arrestin-1 (K16; 1:2000; Santa Cruz Biotechnology) antibodies, a polyclonal anti-ERα (MC-20) antibody (Santa Cruz Biotechnology), and peroxidase-labeled secondary antibodies (Jackson ImmunoResearch). Unlabeled standards were tagged using peroxidase labeled StrepTactin (Bio-Rad). Immunoblots (IBs) were visualized autoradiographically using enhanced chemiluminescence (Pierce).
Densitometric analysis
To quantify protein levels, films were scanned (CanoScan N656U scanner; Canon) at 300 dpi using a grayscale and analyzed. Band intensities were calculated using Scion Image software. Total band intensity values were calculated by subtracting the background for each film to account for any variation in background intensity across films. Ratios of optical density (OD) for phosphorylated (OD phospho ) proteins over the corresponding OD for total (OD total ) proteins were calculated (OD phospho /OD total ), and expressed as means ± SEM for the indicated number of experiments. For coimmunoprecipitation and synaptoneurosome experiments (see below), immunoblot ratios were normalized by dividing them by the mean ratio value for the vehicle control calculated across independent experiments [(OD protein-of-interest /OD control ) individual values · 1/(OD protein-of-interest /OD control ) vehicle average value]; this was done to minimize variation across experiments. Data were then expressed as mean ± SEM for the indicated number of experiments.
Small interfering RNA transfection
A pool of four small interfering RNA (siRNA) duplexes of 20-25 nt were purchased from Santa Cruz Biotechnology. The siRNAs were designed to target the sequences 5′-GCAUCAUCGUUUCCUACAAAG-3′, 5′-CUAGUCAGCUUAUCUGAUAUC-3′, 5′-CAUGCCCAGUGUUUGUUGUUA-3′, 5′-UGAACCUCCUACAUUUCAUAA-3′ of human and mouse β-arrestin-1. A mixture of scrambled nonsilencing RNA duplexes was used as a negative control (Santa Cruz Biotechnology). After day 9 in vitro, cells were washed once and maintained in antibiotic-free NB medium overnight. On the following day, cells were transfected with 25 nM siRNA or scrambled control sequences using 5 μl HiPerFect Transfection Reagent (TR; Qiagen) for every 1 ml of antibiotic-free NB medium. After 24 h, antibiotics were added back to NB medium and the cultures maintained for 120 h at 37°C with 5% CO 2 . Western immunoblot analysis was used to verify β-arrestin-1 and ERK protein expression.
Confocal microscopy
Cortical cultures were prepared and maintained as described above and plated onto acidwashed glass coverslips coated with 0.1 mg/ml poly-L-lysine. After 2 weeks, cultures were treated with 1 μg/ml of β-estradiol-6-(O-carboxymethyl)oxime-bovine serum albumin conjugated with fluorescein isothiocyanate (E-6-BSA-FITC; Sigma) or with 50 nM 1,3,5(10)-estratrien-3,17β-diol-6-one-6-carboxymethloxime-NH-propylbiotin (E-6-biotin; Steraloids) for 60 min at 37°C with 5% CO 2 . E2-BSA-FITC and E-6-biotin were prepared using an ultracentrifugation protocol to reduce free E2 (Taguchi et al., 2004) . Neurons were placed on ice and fixed with 3% formaldehyde in PBS, pH 7.4, washed with TBS, pH 7.6, and then fixed with methanol for 10 min at −20°C. To visualize E-6-biotin, neuronal membranes were permeabilized with 0.1% Tween 20, treated with Image-iT FX (Invitrogen), and labeled with 1 mg/ml streptavidin-Alexa488 for 1 h at room temperature. Profiles were illuminated with an Argon2 laser (BP505-550) to visualize E-6-BSA-FITC and fluoresceinlabeled E-6-biotin (LP505). Lipid rafts were identified by fluorescently labeling ganglioside GM1 (Vybrant Lipid Raft, Alexa Fluor 555; Invitrogen) and illuminated with a helium-neon 1 laser (LP 550). Coverslips were mounted with ProLong Gold antifade mounting medium (Invitrogen) onto glass slides. Images were obtained with a Zeiss 510 META laser-scanning confocal microscope fitted with a Zeiss Plan-Apochromat 100× oil objective. The detector gain and amplifier offset were adjusted to vehicle control values between experimental sets to eliminate variation in autofluorescence, and z-stacks were acquired, reconstructed, and analyzed using the Zeiss META 510 software.
Synaptoneurosome preparation
Synaptoneurosomes were prepared from postnatal day 10 Sprague Dawley rats after a previously described protocol (Hollingsworth et al., 1985; Dominguez et al., 2007) . After halothane (Sigma) anesthesia, rats were decapitated and brains were removed from the cranium and placed into chilled modified Krebs solution buffered with NaHCO 3 (mKrebs/ NaHCO 3 ) (118.5 mM NaCl, 4.7 mM KCl, 1.18 mM KH 2 PO 4 ,10 mM D-glucose, 24.9 mM NaHCO 3 , pH 7.3) and equilibrated with O 2 /CO 2 (95:5). Brains were placed into equilibrated and chilled mKrebs/NaHCO 3 containing low calcium and high magnesium (1mM CaCl 2 and 1.5 mM MgSO 4 ) and cortex was dissected out and homogenized in a 7 ml Kontes tissue dounce homogenizer in mKrebs buffered with HEPES (20mM) (mKrebs/HEPES; 1mM CaCl 2 and 1.5mM MgSO 4 , pH 7.3) with five passes. Homogenized tissue was filtered through three layers of 100 μm nylon mesh filter, and the resulting suspension was filtered again through a 5 μm pore-size acrodisc syringe filter with a supor membrane (Pall Life Sciences). The filtrate was then centrifuged at 1000 × g for 15 min at 4°C, washed once, centrifuged again, and the pellet was resuspended and adjusted to ~250 μg/ml of protein in mKrebs/HEPES with high calcium (2 mM CaCl 2 ) and low magnesium (1mM MgSO 4 ); synaptoneurosome suspension were kept on ice until experimental treatments took place.
Coimmunoprecipitation assays
Cortical neuronal cultures were collected in radioimmunoprecipitation assay lysis buffer [Halt protease inhibitor cocktail (Pierce), 1% Triton X-100, 50 mM Tris-HCl, 150 mM NaCl, 1mM EDTA, 1mM PMSF, 1mM NaF, 1mM NaVO 4 , pH 7.4]. Equal amounts of lysates were incubated with 40 μg precipitating antibody (ERα, overnight at 4°C with end-overend rocking. A 1:1 protein A-agarose slurry (New England Biolabs) was added and samples rolled end-over-end at 4°C overnight. The samples were then pelleted, washed, and proteins were eluted using Laemmli buffer with 5% mercaptoethanol (Bio-Rad), boiled for 5 min, and prepared for immunoblot analysis as described above using 4-15% gradient gels (Pierce). Anti c-Src (N-19; 1:250), anti β-arrestin-1 (K-16; 1:2000) (Santa Cruz Biotechnology), and anti ERα (MC-20; 1:1000) antibodies were used for immunoblot analysis.
Statistical analysis
One-way ANOVA followed by a Tukey's post hoc test were used for pairwise comparisons between experimental treatments. Significant interactions between vehicle control and E2 treatment were assessed with a two-tailed Student's unpaired t test, when applicable. Data were analyzed using GraphPad Prism 4 software, and significance level was set at 0.05 for all experiments.
Results
E2-mediated neuroprotection in organotypic hippocampal slice and cortical neuronal cultures is sensitive to PTX
We previously showed that stimulation of organotypic hippocampal slice cultures with E2 prevented NMDA-induced neuronal death (Bi et al., 2000) . In vivo and in vitro experiments have also indicated that E2-mediated neuroprotection in various protocols required the rapid and transient activation of the ERK pathway (Singer et al., 1999; Wu et al., 2005; Bryant et al., 2006; Xu et al., 2006) . The mechanism linking E2 to its cellular effects remains unclear, but current evidence supports the idea that membrane-localized ERα receptors and PTXsensitive heterotrimeric G proteins are involved (Evinger and Levin, 2005; Song et al., 2005) .
To further investigate this issue, we tested whether E2-mediated neuroprotection against NMDA-induced excitotoxicity in organotypic hippocampal slice cultures was sensitive to PTX treatment (Fig. 1) . Analysis of PI uptake in slices (Fig. 1A,B) (ANOVA, F (7,122) = 13.5, p < 0.0001) and of LDH release in medium (Fig. 1C) (ANOVA, F (7,70) = 18.11, p < 0.0001), two widely used markers of cell death, indicated that E2-mediated neuroprotection against NMDA-induced cell death was reversed after pretreatment of cultured slices with PTX. When PTX binds to Gα i subunits, it catalyzes ADP-ribosylation of the subunit, thereby inhibiting GDP for GTP exchange and preventing activation of the GPCR and the downstream effector systems coupled to Gα i and Gβγ (Cabrera-Vera et al., 2003) . Post hoc analysis of LDH release revealed that PTX alone did not alter the viability of slices nor NMDA toxicity (p < 0.01); similar results were obtained with analysis of PI uptake. Immunohistochemistry was used to verify whether a similar phenomenon was also present in primary cortical neuronal cultures. Quantitative analysis of MAP2-positive neurons indicated that E2-mediated neuroprotection against NMDA-induced cell death was also prevented by PTX treatment (ANOVA, F (7,16) = 50.17, p < 0.0001) (Fig. 2) . The sensitivity of E2-mediated neuroprotection to PTX suggests that the hormone's neuroprotective effects are associated with Gα i -and Gβγ-linked systems.
E2-induced activation of ERK pathway is PTX sensitive
The observation that E2-mediated neuroprotection was sensitive to PTX suggested that E2-mediated activation of the ERK pathway might also be sensitive to the toxin. We observed that E2-induced ERK activation (Fig. 3A) (ANOVA, F (3,16) = 7.83, p = 0.0019), as well as activation of its upstream kinase, c-Src (Fig. 3B) (ANOVA, F (3, 18) = 16.37, p = 0.0009), were sensitive to PTX, in good agreement with previously reported data (Wyckoff et al., 2001; D'Souza et al., 2004; Belcher et al., 2005; Kumar et al., 2007) . In addition, pretreatment with PTX for 2 or 24 h was sufficient to block E2-induced ERK activation, whereas PTX alone did not significantly alter ERK basal level of activation (data not shown). Interestingly, in cortical neuronal cultures treated with E2 plus PTX, c-Src phosphorylation decreased below basal levels (Tukey's post hoc test, p < 0.05); similar observations have been reported and proposed to be the results of the activation by E2 of protein phosphatase 2A, in a PTX-independent manner (Lu et al., 2004; Belcher et al., 2005) . Thus, like E2-mediated neuro-protection, E2-mediated c-Src and ERK activation is sensitive to PTX, suggesting these effects of E2 are mediated through Gα i and Gβγ-coupled mechanisms.
E2-induced GRK2 and β-arrestin-1 activation
GPCRs are regulated by G-protein-and β-arrestin-dependent pathways. These pathways control desensitization and down-regulation of GPCRs and involve GRK2 and β-arrestin-1, as well as c-Src, activation (Waters et al., 2004) . Because of the existence of interactions between ERα and Gα i and Gβγ proteins (Kumar et al., 2007) , we evaluated whether E2 stimulation of cortical neuronal cultures activated β-arrestin-dependent pathways. Immunoblot analysis indicated that E2 stimulation of cortical neuronal cultures caused a rapid (~5 min) increase in GRK2 phosphorylation (Fig. 4A) . Activation of GRK2 reached a maximum after 60 min of exposure to the hormone and remained elevated at this level with continuous treatment (ANOVA, F (4,15) = 3.287, p = 0.0401). Rapid E2-dependent activation of GRK2 was also observed in acute and cultured hippocampal slices; moreover, the time period for maximal GRK2 activation (60 min) coincided with the termination of E2-induced ERK activation (data not shown). E2-induced GRK2 activation (Fig. 4 B) (ANOVA, F (3, 16) = 6.473, p = 0.0045), and β-arrestin-1 activation (Fig. 4C) (ANOVA, F (3,8) = 13.8, p = 0.0016), were also completely prevented by PTX treatment. Together, these findings indicate that E2 rapidly triggers GRK2 and β-arrestin-1 activation suggesting that some of E2 actions are linked to β-arrestin-coupled mechanisms.
Effect of β-arrestin-1 siRNA on E2-induced ERK activation
We hypothesized that E2-induced ERK activation was mediated by β-arrestin mechanisms. To test this hypothesis, primary cortical cultures were transfected with siRNAs designed to reduce endogenous levels of β-arrestin-1. Treatments with siRNA for 120 h resulted in a reduction in β-arrestin-1 protein levels to ~63.3 ± 3.4% (Fig. 5A ) (ANOVA, F (3,11) = 8.455, p = 0.0034, Tukey's post hoc, p < 0.05) to those of control values; reduction in β-arrestin-1 protein levels by treatment with siRNA for 24 h (92.8%) and 96 h (81.6%) were also tested but were not significant (data not shown). The reduction of β-arrestin-1 levels prevented the activation of the ERK pathway after stimulation with 10 nM E2 for 30 min; however, transfection of cultured neurons with the scrambled nonsilencing RNA sequences did not prevent E2-induced ERK activation (Student's t test, p = 0.0128) (Fig. 5B) . The parallel reduction in β-arrestin-1 protein expression and ability of E2 to activate the ERK pathway support the notion that E2-induced ERK activation involves β-arrestin-mediated mechanisms.
β-Arrestin-1 is rapidly and transiently recruited to ERα after E2 stimulation
To further examine the links between β-arrestins and E2 signaling, we used coimmunoprecipitation to determine whether ERα could form a complex with β-arrestin-1. After acute E2 stimulation (0-120 min), primary neuronal cultures were collected and an antibody against the ligand binding domain of ERα , previously shown to label membrane-localized receptors in neurons, was used to immunoprecipitate ERα-like receptors (Clarke et al., 2000; Marin et al., 2003; Toran-Allerand, 2004) . The amount of β-arrestin-1 coimmunoprecipitated along with ERs was determined by Western IB analysis, as was the amount of immunoprecipitated (IP) ERα (Fig. 6) . In cultures stimulated with 10 nM E2 for 30 min, the levels of β-arrestin-1 bound to ERα receptors significantly increased compared with those found in vehicle-treated cultures (ANOVA, F (4,15) = 3.992, p = 0.0212). This time period corresponds with the time when E2-induced ERK activation reaches its maximum in cortical neurons and synaptoneurosomes (Singer et al., 1999; Dominguez et al., 2007) . Several studies have reported that ERα forms a receptor-signaling complex with Src kinase to activate the ERK pathway (Evinger and Levin, 2005; Song et al., 2005) . Therefore, we also determined whether immunoprecipitated ERα was bound to c-Src (Fig. 6) . Immunoblot analysis indicated that E2 stimulation increased the amount of c-Src bound to ERα in a time-dependent manner, with a maximum at 60 min, a time course that matches that for GRK2 activation (Fig. 4A) . These results indicate that ERα receptors form a signaling complex with c-Src and β-arrestin-1 and provide further evidence that E2 treatment leads to rapid β-arrestin-1 activation in cortical neurons. Whether ERα is directly bound to β-arrestin-1 or is the result of the formation of a ERα/GPCR/β-arrestin complex is unknown and should be addressed in future studies.
Stimulation with E2 initiates ERα internalization
We recently reported that E2-induced ERK activation was mediated by a membranelocalized ERα-like receptor in cortical synaptoneurosomes (Dominguez et al., 2007) . In view of the above results, we investigated whether E2 stimulation resulted in the internalization of membrane-localized ERα receptors in synaptoneurosomes. Such internalization has previously been reported in crude membrane preparations from goat uterine tissue (Karthikeyan and Thampan, 1996) . Treatment of cortical synaptoneurosomes resulted in the internalization of ERα receptors as evidence from a shift in localization of the receptor from the mitochondrial to the postmitochondrial fraction (Fig. 7) . Immunoblot analysis of the 67 kDa immunoreactive band demonstrated that the ratio of the levels of ERα receptors in the mitochondrial fraction over those in the postmitochondrial fraction and vehicle control almost doubled after E2 stimulation of synaptoneurosomes (E2-treated ratio, 0.71 ± 0.1; vehicle-treated ratio, 0.39 ± 0.02; Student's t test, t (4) = 3.105; p = 0.036; R 2 = 0.7068). We also identified other immunoreactive bands (~55, 63, ~80, 120 kDa) in our cortical synaptoneurosome preparation, although it is unclear whether these represent functional estrogen-binding proteins or are the result of aggregation or degradation (ToranAllerand, 2005; Marin et al., 2006; Gorosito et al., 2008; Raz et al., 2008) .
To evaluate whether ERα internalization also occurred in intact neurons, we treated cortical neuronal cultures with the fluorescently labeled, BSA-conjugated estrogen, E-6-BSA-FITC. We used the BSA-conjugated estrogen because it has previously been shown that different conjugated estrogen compounds can be visualized within the cytoplasmic space, which suggests that membrane-bound ERs could be internalized (Moats and Ramirez, 1998; Benten et al., 2001 ). Examination of labeled neurons was performed using z-stack slices and reconstructed z-stack images to determine whether the fluorescently labeled hormone was internalized. Analysis of neuronal profiles indicated that E-6-BSA-FITC was associated with neuronal membranes (Fig. 8) . More importantly, E-6-BSA-FITC was also found within the sub-cellular space, suggesting that the ligand-receptor complex was sequestered by cortical neurons. Neurons were double-stained with the lipid raft marker GM1, a glycosphingolipid expressed on cell surfaces and participating in endocytosis, to investigate whether this marker was associated with E-6-BSA-FITC binding (Chinnapen et al., 2007) . Although the overall localizations of GM1 and ERα were clearly different, several profiles indicated their colocalization, and more importantly, the internalization of E-6-BSA-FITC. Similar findings were also observed when cortical cultures were treated with E-6-biotin (Fig. 9) ; in this case, intra-cellular biotin labeling with avidin after incubation of neurons with the ligand indicated that the ligand was internalized. Although these results did not directly indicate internalization of ERα, it certainly supports the idea that ERα receptors are present in lipid rafts and could be internalized by a mechanism associated with endocytosis.
Discussion
E2-mediated protection against different neuronal death-inducing events has been well documented both in vivo and in vitro (Singer et al., 1999; Raval et al., 2006; Bains et al., 2007) . The detailed mechanisms involved in this action of E2 remain widely unknown, although the use of ERα-and ERβ-specific agonists has indicated that both types of ERs may be involved (Zhao et al., 2004; Cordey and Pike, 2005) . In contrast, accumulating evidence suggests that neuroprotection is mediated by the activation of a subpopulation of membrane-localized ERα receptors associated with the rapid activation of several prosurvival signaling cascades, including the induction of anti-apoptotic genes (Honda et al., 2000; Wu et al., 2005; Alexaki et al., 2006) . Hippocampal CA1 pyramidal neurons have been repeatedly reported to be protected by E2, and experiments with ER knock-out mice have shown that ERα is the critical receptor involved in neuro-protection against ischemia (Dubal et al., 2001; Sato et al., 2001; Merchenthaler et al., 2003) . Furthermore, we, as well as others, have demonstrated that E2-mediated neuroprotection against NMDA-induced cell death required the activation of the ERK pathway (Weaver et al., 1997; Bi et al., 2000; Sato et al., 2001) . In the present study, we show that E2-mediated neuroprotection and ERK activation are PTX sensitive, and we also provide evidence for the existence of ERα-mediated G-protein-and β-arrestin-dependent mechanisms in neurons, which regulate some of E2-mediated functions.
Many E2-dependent pathways are coupled to G-protein effector systems (Gu and Moss, 1996; Wyckoff et al., 2001; Simoncini et al., 2006) . In neurons and other cell types, E2 has been observed to enhance the expression and activity of Gα i and Gβγ proteins and to modulate direct interactions between G-protein subunits and ERα receptors (Wyckoff et al., 2001; Thompson and Certain, 2005) . The localization of ERs and the link between specific G-proteins and E2-mediated pathways has remained widely unknown, partially attributable to the ambiguity of the ERs and G proteins involved. Despite this, it has been shown that ERα-like receptors coupled to G-protein subunits were responsible for the activation of the ERK pathway and other signaling cascades (Moss and Gu, 1999; D'Souza et al., 2004; Belcher et al., 2005) . In fact, a recent study has found that ERα exhibits Gα i -and Gβγ-binding domains (251-260 and 271-585) and that during stimulation, G-protein subunits are released from ERα; this interaction was found to be involved in ERK activation and disrupted by PTX (Kumar et al., 2007) .
Studies have shown that acute E2 stimulation resulted in interactions between ERα and Gα i ; however, the role of such interactions is unclear, although it has been suggested that ERα stimulation of Gβγ leads to activation of the ERK pathway (Wyckoff et al., 2001; Razandi et al., 2003; Lu et al., 2004) . Activation of G-protein-induced ERK activation is a major regulatory mechanism of GPCR-mediated effects (Navarro et al., 2003) . Free Gβγ subunits have been reported to activate c-Src and GRK2, resulting in phosphorylation of GPCRs and β-arrestin-1 and formation of a GPCR/β-arrestin-1 receptor signaling complex (Luttrell et al., 1996; Lopez-Ilasaca, 1998; Pitcher et al., 1999) . The formation of the receptor complex initiates the activation of ERK pathway components. Formation of the GPCR/β-arrestin-1/ ERK complex is required for clathrin-mediated endocytosis, where receptors are sorted to be recycled or sent for degradation (Luttrell et al., 1999; Eichmann et al., 2003) . These pathways are involved in GPCR desensitization and downregulation.
Rapid and transient activation of ERK by E2 has been repeatedly shown in different cellular systems. The signal is initiated within minutes (~5 min), reaching a maximum after 30 min of hormone stimulation, and returning toward basal levels after 60 -120 min; this action of E2 is reported to involve receptor tyrosine kinases (Migliaccio et al., 1996; Singer et al., 1999; Singh et al., 1999; Miller et al., 2000) . This could also be explained by activation of GPCR-signaling systems (Filardo et al., 2007) . The mechanism linking E2 and ERK activation has remained widely unknown, although available evidence indicates that ERs and Src kinase form a complex along with adaptor proteins such as Shc/Grb2, modulator of nongenomic actions of the estrogen receptor (MNAR), and striatin (Singh et al., 1999; Honda et al., 2000; Razandi et al., 2003; Song et al., 2005) . In contrast, not much is known regarding the links between mechanisms regulating E2-mediated GPCR signaling and Gprotein-and β-arrestin-coupled pathways.
Our data indicate that E2-mediated neuroprotection is PTX sensitive and that E2 stimulation rapidly induces GRK2 and β-arrestin-1 activation. Decreased β-arrestin-1 gene expression prevented E2-mediated ERK activation, whereas E2 treatment resulted in increased ERα association with β-arrestin-1 and c-Src. These findings support the idea that E2-induced ERK activation and possibly neuroprotection require G-protein-and β-arrestin-mediated mechanisms. Long-term E2 treatment has been shown to enhance GRK2 function in cerebral cortex of female rats, whereas overexpression of GRK2 in vascular epithelial and in immortalized cell lines prevented E2-induced ERK pathway activation (Ansonoff and Etgen, 2001; Razandi et al., 2003; Kumar et al., 2007) ; no study has yet addressed the involvement of β-arrestins in membrane-initiated E2 signaling. Cell transfection with β-arrestin siRNAs has previously been used to block β-arrestin-dependent ERK pathway activation by stimulation of membrane localized GPCRs (Ahn et al., 2004; Shenoy et al., 2006) . Although there are multiple pathways involved in E2-induced ERK activation (Bulayeva et al., 2004; Boulware et al., 2005) , studies have shown that G-protein-dependent ERK activation is sensitive to knockdown of endogenous β-arrestin-1 (Shenoy et al., 2006) . Our results indicated that even partial depletion of β-arrestin-1 levels in cortical neuronal cultures prevented E2 stimulation of the ERK pathway, suggesting that this adaptor protein is involved in activation of the pathway and may be involved in regulating other effects of E2 in neurons.
GRK2 and β-arrestin-1 activation has previously been shown to be involved in the regulation of ERK activation, as GRK2 activation negatively regulates the ERK pathway (Elorza et al., 2000; Iacovelli et al., 2004) . Interestingly, the time course for recruitment of β-arrestin-1 to ERα in our study was closely related to that of maximum (30 min) E2-induced ERK activation (Migliaccio et al., 1996; Singer et al., 1999; Singh et al., 1999; Dominguez et al., 2007) . Moreover, E2-induced GRK2 maximal activation coincided in time with the termination of E2-induced ERK activation (60 min). Thus, in light of our findings, we propose the following hypothesis for the links between E2 receptor activation and downstream events ( Fig. 10) : after E2 activation of membrane-bound ERα, G-protein activation results in GRK2 activation leading to β-arrestin-1 recruitment to ERα receptors and then to Src and ERK activation. It still remains unclear whether GRK2 and β-arrestin-1 have a direct role in E2-mediated neuroprotection (Waters et al., 2004) or whether transactivation of GPCRs is responsible (Micevych and Mermelstein, 2008) .
In addition to GRK2 and β-arrestin-1 activation, E2 also stimulated the internalization of ER receptors in cortical neurons. In cortical synaptoneurosomes, E2 treatment resulted in translocation of ERα receptors from the mitochondrial to the postmitochondrial tissue fractions. In goat uterine membranes preparation, it has been reported that acute E2 stimulation of plasma membranes resulted in the internalization of a membrane-localized ER, whereas in embryonic hypothalamic neurons, E2 increased the amount of surface biotinylated ERα (Karthikeyan and Thampan, 1996; Gorosito et al., 2008) . Moreover, in hypothalamic neurons, E2 application rapidly (~1 min) increased the appearance of endocytotic and exocytotic pits at the plasma membrane, an event associated with clathrinmediated endocytosis and receptor trafficking (Garcia-Segura et al., 1987 , 1988 Karthikeyan and Thampan, 1996; Sreeja and Thampan, 2004) . These findings suggest that membrane ERs are regulated similarly to other membrane receptors and in particular that prolonged activation of the receptors results in desensitization and down-regulation mediated through phosphorylation and internalization (Sinchak and Micevych, 2003; Micevych and Mermelstein, 2008) .
In addition to these findings, Western immunoblots of cortical synaptoneurosomes revealed the presence of novel ER immunoreactive bands. Similar findings have been described in protein extracts derived from microsomes and purified membranes from septal and hippocampal and cell lines expressing endogenous ERs (Marin et al., 2006) . Western immunoblots identified ERα immunoreactive bands at 67 kDa as well as at 55, 62, and 80 kDa using several antibodies directed against different domain regions of the receptor. Surface biotinylation experiments (Gorosito et al., 2008) identified an ERα immunoreactive protein at 55 kDa, whereas in purified membrane caveolar preparation from postnatal rat cortex, a 63 kDa immunoreactive protein has been identified called ER-X (Toran-Allerand, 2005) . In our synaptoneurosome preparation, we immunologically identified a 55 kDa and a 63 kDa ER. It is unknown whether these proteins represent classical ERα or canonical ERs or are products of epitope variation attributable to experimental treatments or proteasomal degradation. We also identified higher molecular weight ERs at ~80 kDa and ~110-120 kDa, but like lower molecular weight proteins, it is unclear whether these represent functional ERs. It has been suggested that higher molecular weight ER-like proteins are similar to those described in rodent cortical and liver tissue (Asaithambi et al., 1997; Rao, 1998) and may be products of post-transcriptional modifications (Marin et al., 2006) .
Additional evidence supporting ERα internalization is provided by reports that ERα receptors can selectively partition into plasma membrane lipid raft microdomains and bind to caveolin-1, a protein involved in endocytosis (Schlegel et al., 2001; Gilad et al., 2005; Marin et al., 2007) . Verification of ER receptor sequestration was evident by the internalization of E-6-BSA-FITC and E-6-biotin in cortical neurons. BSA-conjugated E2 compounds have previously been shown to be internalized within 5 min as well as found to be bound to subcellular organelle membranes (e.g., mitochondria, lysosomes, microsomes) in different cell types (Karthikeyan and Thampan, 1996; Ramirez, 1998, 2000; Marin et al., 2006) . The internalization of E-6-125 I-BSA has been reported to become apparent after 30 min, and after 60 min, 75% of labeled organelles were mitochondria and lysosomes Ramirez, 1998, 2000) . We also observed that E-6-BSA-FITC binding was colocalized with lipid rafts and was present in intracellular compartments of neurons, suggesting it was internalized by a similar mechanism as GM1. These findings further support the notion that E2-mediated stimulation of ERα results in receptor internalization, possibly through β-arrestin-dependent endocytosis. In contrast, other studies have reported that both ERα and ERβ are trafficked toward the plasma membrane after E2 stimulation in neurons (Hart et al., 2007; Sheldahl et al., 2008 ).
In conclusion, our studies provide evidence that E2-induced ERK activation is mediated through a ERα/Gβγ-coupled mechanism and that E2 stimulation induces the formation of a ERα/β-arrestin-1 receptor complex. The results also underline a new framework to explain some of membrane ERα's GPCR-like characteristics and link to ERK activation. A better understanding of these E2-mediated actions may help to elucidate some of the signaling events involved in E2 actions in the brain and, in particular, its involvement in neuroprotection. E2-mediated neuroprotection against NMDA-induced excitotoxicity in hippocampal slice cultures is sensitive to PTX. Organotypic hippocampal slice cultures (n = 3-8) were pretreated with 500 ng/ml PTX before E2 and NMDA treatments. On the day of treatment, slices were treated with 10 nM E2 for 3 h and then with 50μM NMDA for an additional 3 h; after washing, slices were maintained in fresh hormone-free medium containing PI. A, B, Analysis of arbitrary fluorescent values from PI-stained slices 24 h after treatment. C, LDH release in culture medium (activity is expressed as mg protein · s −1 · mg −1 ). Results are means±SEM (Tukey's post hoc test, *p < 0.05; **p < 0.01; ***p < 0.001). Veh, Vehicle (for this and all other applicable figures); int., intensity. E2-mediated neuroprotection in cortical neuronal cultures is PTX sensitive. Primary cortical neuronal cultures were pretreated with 500 ng/ml PTX before E2 and NMDA treatments. On the day of treatment, cultures were stimulated with 10 nM E2 for 3 h and then with 50 μM NMDA for an additional 18 h. After treatments, cells were fixed, neurons labeled using an anti-MAP2 antibody and an Alexa488-labeled secondary antibody, and coverslips mounted using medium containing DAPI fluorescent nucleic acid stain (top). Neuronal survival was calculated by dividing the number of MAP2-positive neurons by the number of DAPIlabeled cells; these values were then normalized (percentage) by the mean value for the vehicle control (bottom). Results are means ± SEM of three experiments. Scale bar, 100 μm (Tukey's post hoc test; *p < 0.05; **p < 0.01; ***p < 0.001). E2 treatment rapidly induces GRK2 and β-arrestin-1 activation in cortical neuronal cultures. A, Cortical neuronal cultures were treated with 10 nM E2 for the indicated times (n = 5): top, representative Western immunoblot; bottom, quantitative analysis. Activation reached a maximum after 60 min of incubation. B, E2-mediated GRK2 activation is PTX sensitive; top, representative Western immunoblot; bottom, quantitative analysis. C, E2-mediated β-arrestin-1 activation is PTX sensitive (top, representative Western immunoblot; bottom, quantitative analysis). Cortical neuronal cultures were pretreated with 500 ng/ml PTX and then treated with 10 nM E2 for 30 min (n = 4). For immunoblot analysis, pGRK2/GRK2 and pβ-arrestin-1/β-arrestin-1 ratios were calculated, and results are expressed as means ± SEM (see Materials and Methods; Tukey's post hoc test; *p < 0.05; **p < 0.01). E2 treatment of cortical synaptoneurosomes results in ERα internalization. Cortical synaptoneurosomes were prepared and treated with 10 nM E2 for 60 min at 32°C (n = 3). At the end of treatment, synaptoneurosomes were collected and homogenized, and the mitochondrial and postmitochondrial fractions were separated by centrifugation at 14,000 rpm for 20 min at 4°C and were processed for Western blot with ERα antibodies . Top, Representative Western blots indicating the existence of several bands reacting with ERα antibodies. Bottom, Quantitative analysis. Values for the 67 kDa band were normalized with actin levels. E-6-biotin is internalized into cortical neurons. Cortical neuronal cultures were prepared on glass coverslips and treated for 60 min at 37°C under various conditions. A, Treatment with 50 nM E-6-biotin; at the end of incubation, cells were fixed, permeabilized, and prepared for confocal microscopy. Internalized E-6-biotin was labeled with Alexa488-streptavidin. B, Vehicle control cultures were processed as in A. C, Treatment with E-6-biotin only. D, Treatment with Alexa488-streptavidin only. Analysis of z-stack slices (through a 6-μm-thick optical section) showed that E-6-biotin/Alexa488-streptavidin binding was localized within subcellular compartments in several neuronal profiles. Reconstruction of z-stacks were used to create orthogonal views (A; side panels) to help visualize internalization of E-6-biotin/ Alexa488-streptavidin. Scale bar, 10 μm. A proposed mechanism for ERα signaling. A, Many of estrogen's rapid actions are mediated by PTX-sensitive G proteins. B, Ligand-activated ERα receptors cause dissociation of Gα i and Gβγ subunits from the receptor and activation of their downstream effector systems. E2-induced Gβγ protein activation increases the phosphorylation of GRK2 andβ-arrestin-1. C, Activation of ERα initiates the recruitment of β-arrestin-1 and activation of ERK pathway components. D, Formation of an ERα/β-arrestin-1 receptor/signaling complex leads to internalization of the receptor.
